Evaporation kinetics of pure water drops: Thermal patterns, Marangoni flow, and interfacial temperature difference by Josyula, Tejaswi et al.
Evaporation kinetics of pure water drops: thermal patterns, Marangoni flow and1
interfacial temperature difference2
Tejaswi Josyula,1 Zhenying Wang,2 Alexandros Askounis,2, 3 Daniel Orejon,2 Sivasankaran3
Harish,2 Yasuyuki Takata,2, 4 Pallab Sinha Mahapatra,1 and Arvind Pattmatta1, ∗4
1Department of Mechanical Engineering,Indian Institute of Technology Madras,600036,India5
2International Institute for Carbon-Neutral Energy Research (WPI-I2CNER),6
Kyushu University, 744 Motooka, Nishi-ku, Fukuoka 819-0395, Japan7
3Engineering, Faculty of Science, University of East Anglia, Norwich, NR5 7TJ, United Kingdom8
4Department of Mechanical Engineering, Kyushu University,9
744 Motooka, Nishi-ku, Fukuoka 819-0395, Japan10
(Dated: August 29, 2018)11
We report a systematic study on the role of Marangoni convection on the evaporation kinetics of
pure water drops, considering the influence of heating regime and surface wettability. The Marangoni
flows were induced via heating under constant wall temperature (uniform heating) and constant heat
flux (local heating) regimes below the drops. To visualize the thermal patterns/flows emerging within
the water drops we employed infrared (IR) thermography and we captured the evolution of the drop
profile with a CCD camera to follow the evaporation kinetics of each drop. We observed a strong
correlation between the temperature difference within the drop and the evolution of drop shape
during different modes of evaporation (i.e. constant radius, angle or stick-slip) resulting in different
Marangoni flow patterns. Under uniform heating, stable recirculatory vortices due to Marangoni
convection emerged at high temperature which faded at later stages of the evaporation process. On
the other hand, in the localized heating case, the constant heat flux resulted in a rapid increase of
the temperature difference within the drop capable of sustaining Marangoni flows throughout the
evaporation. Surface wettability was found to also play a role in both the emergence of the Marangoni
flows and the evaporation kinetics. In particular, recirculatory flows on hydrophobic surfaces were
stronger when compared to hydrophilic for both uniform and local heating. To quantify the effect
of heating mode and the importance of Marangoni flows, we calculated the evaporative flux for each
case and found to it to be much higher in the localized heating case. Evaporative flux depends
on both diffusion and natural convection of the vapor phase to the ambient. Hence, we estimated
the Grashof number for each case and found a strong relation between natural convection in the
vapor phase and heating regime or Marangoni convection in the liquid phase. Subsequently, we
demonstrate the limitation of current diffusion-only models describing the evaporation of heated
drops.
I. INTRODUCTION12
Sessile drop evaporation is of interest in academic and13
industrial research owing to applications such as ink jet14
printing [1], biological and chemical assays [2], thin film15
coatings [3], DNA depositions [4], efficient electronic cool-16
ing, etc [5]. For a typical sessile drop evaporating into an17
unsaturated atmosphere, Picknett and Bexon [6] identi-18
fied two different modes of evaporation; one at constant19
contact radius with a decrease in contact angle (CCR)20
and the second one at constant contact angle while the21
contact radius recedes (CCA). The authors also observed22
a mixed mode at the end of the evaporation where a23
simultaneous decrease in both contact radius and con-24
tact angle occurred. The kinetics of evaporation and25
the change in mass or volume during evaporation are26
greatly dependent on these distinct modes of evapora-27
tion. For instance, CCR mode of evaporation with lin-28
early decreasing drop weight/volume is reported on a29
wetting surface (water on glass) with a contact angle less30
∗ arvindp@iitm.ac.in
than 90°[7]. On the other hand, on a non-wetting sur-31
face (water on Teflon) with a contact angle greater than32
90°, the CCA mode of evaporation is reported and the33
decrease in weight/volume is observed to be non-linear.34
Further, the decrease in volume according to a power law35
is reported for drops evaporating on hydrophobic and su-36
perhydrophobic surfaces [8, 9]. Apart from the extreme37
modes of evaporation (CCR and CCA), a stick-slip mode38
of evaporation with repetitive cycles of stick and slip of39
the contact line is observed for pure fluids [10] and also40
for colloidal suspensions [11]. The strong influence of41
substrate wettability [8, 12], shape of the sessile drop42
[13], ambient conditions [14–16] and substrate proper-43
ties [17, 18] on the evaporation process are extensively44
reported.45
For a sessile drop in contact with a solid substrate,46
the evaporative flux at the liquid-vapor interface is non-47
uniform and depends on the drop shape [19]. The evap-48
orative flux is higher near the contact line for drops with49
contact angles less than 90°, whereas for drops with con-50
tact angles greater than 90°it is higher at the apex [9, 20].51
This non-uniformity in evaporative flux gives rise to tem-52
perature differences inside the drop due to evaporative53
cooling induced by the release of latent heat of vaporiza-54
2tion. Besides evaporative cooling, on a heated substrate,55
the temperature difference inside the drop additionally56
arises due to the thermal resistance imposed by liquid57
thickness. These phenomena can cause internal fluid58
motion either due to buoyant convection or Marangoni59
convection. For example, the presence of buoyant con-60
vection is attributed to recirculating vortices reported61
in hanging methanol drops [21]. Elsewhere, prominent62
Marangoni recirculatory flow from the triple contact line63
to the apex in volatile octane drops is observed to fully64
counteract the well-known capillary flow [22]. In evapo-65
rating drops, capillary flow is defined as the flow from the66
center of the drop towards the triple contact line (TCL)67
induced to replenish the evaporating liquid at the triple68
contact line [23]. Moreover, hydrothermal waves (HTWs)69
arising due to Marangoni stresses traveling azimuthally70
from center to the edge of the drop are observed in evap-71
orating alcohol drops [24, 25]. Numerous experimental72
and theoretical studies are recently reported aiming for73
a further understanding of the physical mechanisms of74
mentioned HTWs and Marngoni flows within evaporat-75
ing drops [14, 26, 27].76
Although drop evaporation is a ubiquitous phe-77
nomenon widely studied, experimental observations of78
the internal flows inside pure water drops remain scarce.79
The previously reported absence of Marangoni flow in80
pure water drops evaporating at ambient temperature is81
presumably due to surface contamination [22]. However,82
another study using confocal microscopy reported the83
presence of Marangoni flow in evaporating drops at am-84
bient temperature [28]. Hence, the absence of Marangoni85
flows in pure water drops cannot be solely explained by86
the presence of contaminants. Further, deposition pat-87
terns from an evaporating water drop containing colloidal88
particles are reported to be significantly altered in the89
presence of substrate heating [29], due to Marangoni cur-90
rents, although no visualization of convective patterns is91
reported [29]. Elsewhere, a laser is used to locally heat92
the substrate below the center and edge of pure water93
drops inducing thermal gradients and, in turn, recircu-94
lating twin vortices, which is attributed to Marangoni95
convection [30, 31]. In addition to internal fluid motion96
during evaporation, for evaporating drops on heated sub-97
strates, the difference in temperature between the sub-98
strate, the drop and the ambient induces natural con-99
vection in the vapor phase. This natural convection in100
the vapor phase is cited as the reason for the enhanced101
evaporation rate in experiments when compared to those102
predicted by the diffusion model [32–35]. Nonetheless,103
the presence and visualization of Marangoni convection104
in pure water drops is still an open debate and a sys-105
tematic study to observe the convective patterns with a106
non-intrusive measurement and visualization is scarce in107
the literature.108
The focus of the present study is to investigate the ef-109
fect of Marangoni convection on the evaporation kinetics110
of pure water drops, considering different substrate heat-111
ing regimes viz. heating the substrate uniformly (con-112
stant wall temperature) and heating the substrate locally113
(constant heat flux) and wettabilities. We note here that114
a previous work reported Marangoni flows in pure water115
drops on locally heated substrates [30, 31]. However,116
no comparison of the mechanism inducing Marangoni117
convection in pure water drops depending on the heat-118
ing mode was drawn yet. By systematically studying119
the evaporation of water drops under different heating120
modes, we probe interesting differences in the evapora-121
tion kinetics. We then attempt to quantify the influ-122
ence of the observed Marangoni flows on the evapora-123
tion kinetics by demonstrating the limitation of current124
diffusion-based model and linking with natural convec-125
tion of the vapor phase to the ambient.126
II. EXPERIMENTAL SETUP AND127
METHODOLOGY128
Schematic illustrations of the experimental setup for129
uniform heating and local heating are represented in Fig.130
1a and Fig. 1b, respectively. In Fig. 1a, an aluminum131
heater block connected to a thermostatic bath maintains132
the surface at a constant temperature. The heater block133
is mounted on a scissor bench of adjustable height. Uni-134
form heating is confirmed by measuring the temperature135
with four thermocouples inserted few millimeters below136
the surface at four different locations. For the case of137
uniform heating, two different substrate temperatures of138
30 °C and 80 °C are investigated. Prior to drop depo-139
sition, the substrate is placed on the heater for several140
minutes until the substrate reaches the target tempera-141
ture, which is confirmed with an additional thermocou-142
ple. A calibrated micropipette is used to dispense drops143
of 5.2 ± 0.3 µl. Drop shape during evaporation is cap-144
tured from the side by a charge coupled device (CCD)145
Sentech (STC-MC152USB, resolution of 10 µm/px). An146
infrared (IR) camera FLIR SC4000 (temperature resolu-147
tion of 18 mK and 3 µm to 5 µm spectral range) placed148
on top is used to record the spatiotemporal evolution of149
the thermal patterns at the drop liquid-vapor interface.150
To study the effect of wettability, a hydrophilic smooth151
silicon substrate (contact angle of water ca. 77°) and a152
hydrophobic silicon wafer coated with a thin layer of Cy-153
top (water contact angle of ca. 113°) are used. Images154
are acquired at a constant frame rate of 4.8 and 30 fps155
for the CCD and for the IR camera, respectively. For all156
studied drops, the characteristic length, i.e., drop radius,157
is smaller than the capillary length lc =
√
γ
ρg
(∼ 2.7158
mm for water) and hence, volume and contact angle of159
the drops are calculated using spherical cap assumption.160
To impose local heating on the drop, an Integra-MP-161
30W diode laser (Spectra-Physics, 808 nm wavelength)162
with a spot size of 0.3− 0.4 mm, operating in continuous163
wave mode radiates/heats the substrate directly below164
the center of the drop. The power of the laser measured165
with a laser power meter (Vega, Ophir Optronics Solu-166
3tions Ltd.) is kept constant at 1.8 W. Locally heating the167
substrate is expected to result in a non-uniform temper-168
ature field on the substrate which changes with time un-169
like the constant substrate temperature on the uniformly170
heated substrates. To understand the characteristics of171
local heating and substrate temperature distribution, ad-172
ditional experiments are conducted by locally heating the173
substrate in the absence of a drop. The substrate tem-174
perature distribution under local heating in the absence175
of a drop is imaged within the calibrated range of the IR176
camera from 0 - 100 °C, i.e., for the first 13 seconds. As177
drops typically evaporate over longer timescales, we con-178
duct numerical simulations using COMSOL 5.2 in order179
to extract the temperature evolution of the locally heated180
substrate over time. Details of the geometry, initial con-181
ditions, boundary conditions and results are presented in182
Appendix. Good agreement is observed between the ex-183
perimental and simulation results as shown in Fig. 9d. A184
temperature difference of c.a. 6.5 °C is observed between185
the center of the hot spot and a distance 1.6 mm away186
from the center, which is typically the initial radius of our187
drops evaporating on a hydrophilic substrate. The tem-188
perature of the hot spot increases continuously to a value189
higher than that on uniform heating case at 80 °C . This190
demonstrates that the heat available below the drop is191
higher in the locally heated case. However, to be able to192
compare to some extent the two heating modes, the laser193
power is chosen so as to induce a similar maximum tem-194
perature at the drop liquid-vapor interface in both cases.195
Image processing and extraction of the drop profile evolu-196
tion over time (radius, contact angle and volume) as well197
as the temperature distribution along the interface from198
IR snapshots are processed using MATLAB [36]. Experi-199
ments are carried out in controlled laboratory conditions200
where the ambient temperature and relative humidity are201
17−18 °C and 30−35 %, respectively. We note here that202
the water temperature before drop deposition is that of203
the ambient. Satisfactory repeatability is achieved with204
maximum errors in contact angle, radius, and volume of205
±3°, 7%, and 12%, respectively.2067
III. RESULTS AND DISCUSSION208
In this section, the results of the experimental investi-209
gations on the evaporation of pure water drops are dis-210
cussed in terms of the evolution of drop shape parame-211
ters and the thermal patterns at the drop liquid vapor-212
interface. Distinctive stages in the temporal evolution of213
the contact angle and the contact radius are presented214
along with the evolving thermal patterns at the liquid-215
vapor interface. The variation of the evaporative flux216
averaged over the entire liquid-vapor drop interface with217
time in turn related to the evaporation mode, is also pre-218
sented. Moreover, relevant non-dimensional numbers are219
deduced to understand the origin of the convective flows.220
Lastly, prediction of volume evolution by diffusion-based221
model and comparison with experimental observations222
(a)
(b)
FIG. 1: Schematic of experimental setup for (a) uniform
heating and (b) local heating scenarios.
are reported.223
A. Evaporation on uniformly heated substrates at224
low temperature225
For the cases of uniform heating at low substrate tem-226
perature of 30 °C, the kinetics of evaporation are shown227
in Fig. 2. The temporal evolution of contact angle and228
normalized contact radius (normalized by initial contact229
radius) are plotted for both hydrophilic (Fig. 2a) and hy-230
drophobic (Fig. 2b) surfaces. Characteristic snapshots of231
the drop shape are included as top insets. In addition,232
the corresponding IR snapshots of the thermal patterns233
are shown as insets within both figures. Overall, the con-234
tact line dynamics follow three distinct stages on both235
surfaces. On a hydrophilic surface, as shown in Fig. 2a,236
the evaporation in Stage 1 proceeded with pinning of the237
triple contact line and decreasing contact angle (CCR238
mode). CCR is then followed by Stage 2 where evapora-239
tion takes place with a virtually constant contact angle240
at 63°±3°and the almost linear receding of the triple con-241
tact line. Towards the end of this stage, minor stick and242
slips of contact line leads to small jumps in contact angle243
which differs slightly from the traditional CCA mode of244
evaporation reported [11]. Eventually, evaporation en-245
ters Stage 3 where both contact radius and contact angle246
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FIG. 2: Temporal evolution of contact angle and normalized contact radius on uniformly heated (a) hydrophilic and
(b) hydrophobic surface at 30 °C. The three different evaporation stages can be readily identified by dashed lines.
CCD snapshots from the side and IR thermography from the top are shown in insets. Scale bar is 1 mm.
decrease in a mixed mode of evaporation. On the other247
hand, on a hydrophobic surface (Fig. 2b), the evapora-248
tion takes place in the CCR mode, i.e., the contact angle249
decreases while the triple contact line remains pinned,250
for Stage 1. Subsequently, Stage 2 proceeds in the CCA251
mode with a constant contact angle of 104°±3°, which is252
then followed by the mixed mode of evaporation in Stage253
3.254
Closer inspection of IR thermography images on a hy-255
drophilic and on a hydrophobic substrate (insets of Fig.256
2a and 2b) unveil a cold spot at the liquid-vapor inter-257
face emerging approximately 1 s after the drop deposi-258
tion. The corresponding IR thermography movies for hy-259
drophilic and hydrophobic case can be viewed as supple-260
mentary videos SI.1 and SI.2, respectively [37]. When a261
drop at ambient temperature is placed on the heated sub-262
strate, the liquid just above the substrate will be heated263
first while the liquid at the apex remains colder. This264
temperature difference between the bottom and the apex265
of the drop can cause either buoyancy or thermocapillary266
convection inside the drop. As the surface tension of wa-267
ter varies inversely with temperature, the hotter liquid268
will try to move towards the colder region owing to its269
comparatively lower surface tension, giving rise to the270
twin vortices observed. The fact that the observed ther-271
mal patterns are also liquid patterns was experimentally272
elucidated by observing the motion of microparticles sus-273
pended in an evaporating pure water drop [30]. Nonethe-274
less, at low substrate temperature, the temperature dif-275
ference across the drop is small hence the convective cells276
faded longer period of evaporation. Since the difference277
between the ambient, the drop and the substrate tem-278
perature is low, the drop reaches thermal equilibrium,279
as portrayed by the uniform profile reported in the IR280
images. Detailed discussion on the prevailing interfacial281
temperature difference and its variation is presented in282
following sections.283
B. Evaporation on uniformly heated substrates at284
high temperature285
The temporal evolution of contact angle and normal-286
ized contact radius on the uniformly heated substrate287
at 80 °C is shown in Fig. 3. On a hydrophilic surface288
(Fig. 3a), similar to the case of low temperature heat-289
ing at 30 °C, in Stage 1 evaporation takes place in the290
CCR mode, followed by a virtually constant contact an-291
gle (CCA mode) in Stage 2. In Stage 3, contact angle292
starts to decrease and almost at the end of evaporation293
the abrupt decrease in contact radius accompanied by294
an increase in contact angle is observed. For the case of295
evaporation on a hydrophobic surface (Fig. 3b), Stage296
1 takes place in the CCR mode and is then followed by297
the CCA mode in Stage 2. At the end of Stage 2, a slip298
of contact line ensues followed by the final stage with a299
mixed mode of evaporation.300
Focusing our attention on the IR snapshots, we can301
readily identify the emergence of twin vortices right af-302
ter the drop deposition. At a substrate temperature of 80303
°C, right after drop deposition, there is an initial temper-304
ature difference between the heated substrate and drop305
initially at ambient temperature, which induces the cold306
spot at the drop apex. At high substrate temperature,307
temperature difference inside the drop is governed by the308
interplay between evaporative cooling and the thermal re-309
sistance of the liquid through the drop. This results in an310
appreciable temperature difference inside the evaporating311
drop causing convective flows and movement of twin vor-312
tices throughout 60% to 80% of the drop lifetime. The313
behavior of the twin vortices at 80 °C is opposite to that314
observed at 30 °C where convective cells are noticeable315
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FIG. 3: Contact angle and normalized contact radius evolution on uniformly heated (a) hydrophilic and (b)
hydrophobic surfaces at 80 °C. The three different evaporation stages can be readily identified by dashed lines. CCD
snapshots from the side and IR thermography from the top are shown in insets. Scale bar is 1 mm.
only at the beginning of evaporation and as the tempera-316
ture of the drop is homogenized, convective cells are seen317
not to be stable.318
The temporal evolution of thermal patterns at 80 °C is319
shown in insets of Fig. 3a and Fig. 3b for hydrophilic and320
hydrophobic surfaces, respectively (The corresponding321
IR thermography movies for hydrophilic and hydropho-322
bic case can be viewed as supplementary videos SI.3 and323
SI.4, respectively [37]). During the initial stages of evap-324
oration, i.e., Stage 1 and Stage 2, on a hydrophilic sub-325
strate (Fig. 3a) vigorous motion of the twin vortices and326
the shift of the vortices from one hemisphere to another327
is observed. This occurs due to the force exerted by the328
hot fluid moving towards the cold spot. The movement of329
twin vortices is the response of the system trying to attain330
thermal equilibrium and to homogenize the temperature331
distribution. The dominance of Marangoni convection in332
the observed convective flows is discussed and supported333
using relevant non-dimensional analysis in Section III E.334
On other hand, on a hydrophobic surface (Fig. 3b), dur-335
ing the first two stages of evaporation the continuous336
oscillating merging and splitting of the twin vortices en-337
sues. Moreover, observing the evolving thermal patterns338
clearly suggested a more rapid movement of convective339
cells on a hydrophobic surface compared to a hydrophilic340
surface, which is further supported by the Marangoni341
numbers in Section III E. The higher thermocapillary342
currents on a hydrophobic surface can result from the343
higher liquid-vapor interface area due to the nature of344
drop curvature when compared to a hydrophilic surface.345
Further, the characteristic heat conduction path (drop’s346
height) and the associated thermal resistance of liquid347
is higher compared to hydrophilic surfaces resulting in348
higher temperature differences between the bottom and349
the apex of the drop. Thereafter, in Stage 3, a sudden350
decrease of contact angle causes mixing of liquid inside of351
the drop homogenizing the surface temperature and hin-352
dering the convective patterns. This is attributed to the353
momentary increase in thermocapillary currents inside354
the drop when the drop enters the last stage of evapo-355
ration with decrease in both contact radius and contact356
angle [38]. In Stage 3 the temperature is almost uniform357
and no convective cells are seen. In the high tempera-358
ture uniform heating case, the difference of temperature359
between the substrate, the drop and the ambiance will in-360
duce natural convection in the gas phase, which in turn361
will enhance the evaporation rates [32, 33].362
The above results provide the experimental evidence363
of recirculating vortices in pure water drops on both hy-364
drophilic and hydrophobic substrates heated uniformly.365
C. Evaporation on locally heated substrates366
To further interpret the convective flows in evaporat-367
ing pure water drops, we also address the effect of lo-368
cally heating the substrate, which can be considered as369
a constant heat flux case. To achieve constant heat flux370
condition, we used a laser to locally heat the substrate371
directly below the center of the drops, similar to a previ-372
ous report [31]. Care is taken to control the power of the373
laser aiming to induce the same maximum temperature374
at the drop liquid-vapor interface as in the case of high375
temperature uniform heating. The temporal evolution of376
contact radius and contact angle on a hydrophilic and377
on a hydrophobic surface is presented in Fig. 4a and 4b,378
respectively. In both cases, the drop evaporation initially379
occurs in the CCR mode for Stage 1, followed by CCA380
during Stage 2. Here, Stage 3 of evaporation takes place381
in a stick-slip mode. It is worth noticing that compared382
to the case of uniform heating, in Stage 3, the number383
of stick-slip events are greater on the hydrophilic sur-384
6Co
nta
ct 
an
gle
 (o
)
0
10
20
30
40
50
60
70
80
No
rm
ali
zed
 co
nta
ct 
rad
ius
0
0.2
0.4
0.6
0.8
1
1.2
Time (s)
0 5 10 15 20 25 30 35 40
Stage 1 Stage 2
Stage 3
10 s 10 s
30 oC
Stage 3
48oC 63oC 61oC 75oC 48oC 70oC
5.33 s 10.93 s 27.33 s 33.33 s
(a)
32oC
Co
nta
ct 
an
gle
 (o
)
0
20
40
60
80
100
120
No
rm
ali
zed
 ba
se 
rad
ius
0
0.2
0.4
0.6
0.8
1
1.2
Time (s)
0 5 10 15 20 25 30 35 40
Stage 1 Stage 2 Stage 3
26oC 65oC 73oC 47oC 55oC
1.66 s 9.93 s 12.26 s 35.06 s
(b)
FIG. 4: Contact angle and normalized contact radius evolution on locally heated (a) hydrophilic and (b)
hydrophobic surfaces. The three different evaporation stages can be readily identified by dashed lines. CCD
snapshots from the side and IR thermography from the top are shown in insets. Scale bar is 1 mm.
face whereas on the hydrophobic surface the CCA mode385
is initially observed and thereafter transitions to stick-386
slip mode. The total evaporation time is observed to be387
smaller for drops on locally heated regime for both hy-388
drophobic and hydrophilic cases. As shown in Fig. 9d in389
the Appendix, the higher substrate temperature should390
result in larger amount of heat supplied to the drops.391
Moreover, the estimation of the actual heat interactions392
of the drop is very complex, especially when considering393
the additional effect of the Marangoni flows and natu-394
ral convection in the surrounding gas phase. For a more395
accurate estimation of the evaporation rates, numerical396
simulations to account for the continuous rise of the sub-397
strate temperature and for both convection within the398
drop and in the surroundings will be sought in the fu-399
ture.400
The IR thermography images of temperature distribu-401
tion on locally heated hydrophilic and hydrophobic sub-402
strates are presented in the insets of Fig. 4a and 4b (IR403
thermography movies for local heating on a hydrophilic404
and on a hydrophobic substrate are added in the accom-405
panying supplementary material as videos SI.5 and SI.6,406
respectively [37]). On a hydrophilic surface, the initial407
temperature difference along the liquid-vapor interface408
results in the formation of the twin convective cells with409
the cold spot remaining virtually motionless in Stage 1.410
Whereas in Stage 2, an oscillatory azimuthal movement411
of the cold spot is observed. This shows that recircula-412
tory flows are stronger in Stage 2 during the CCA mode.413
On the other hand, on a hydrophobic surface, twin con-414
vective cells emerge in Stage 1 and immediately move415
from one hemisphere to another creating an oscillatory416
merging and splitting of the cells, similar to previously re-417
ported phenomenon [4]. On a hydrophobic surface, con-418
vective flows are strong, whereas on a hydrophilic one419
the absence of strong oscillatory movement of the con-420
vective cells along the liquid-vapor interface is reported.421
On both hydrophilic and hydrophobic surfaces, towards422
the end of Stage 2, a visible instability in the movement423
of the convective cells is present, which leads to the ob-424
served temperature gradient across the liquid-vapor in-425
terface at the onset of Stage 3. As local heating results426
in more rapid and much higher substrate temperature,427
it is possible to also lead to stronger natural convection428
plume in the gas phase and hence the faster evaporation429
reported, similar to previous works [32, 33].430
D. Variation of interfacial temperature difference431
(∆T) in evaporating drops432
The observed convective patterns presented above can433
be attributed to the temperature difference (∆T ) within434
each drop. In turn, ∆T arises from the difference be-435
tween the hotter surface and the cooler drop combined436
with evaporative cooling and the thermal resistance of437
the drop. Careful analysis of the thermographic data al-438
lows us to quantify ∆T between the coldest and hottest439
point of the liquid-vapor interface (water is nearly opaque440
to the spectral range of our IR camera). The variation of441
∆T is plotted in Fig. 5 as a function of time for all cases.442
An oscillation around a mean value which changes with443
time is readily apparent and arises due to the convective444
motion of hotter and colder fluid inside the drop (recir-445
culation). In the case of uniformly heated substrates at446
30 °C (Fig. 5a) an initial ∆T of ca. 2 °C is observed on447
the hydrophilic surface. As evaporation progresses, due448
to the comparatively lower evaporation rate at 30 °C, the449
temperature difference decreases continuously leading to450
an almost uniform temperature profile along the drop in-451
terface and within the drop. On a hydrophobic surface,452
an average temperature difference of ca. 2 °C is observed453
7 
0
0.5
1
1.5
2
2.5
 
Time (s)
0 200 400 600 800 1,000 1,200
ΔT
 (o
C)
Hydrophilic
 
0
0.5
1
1.5
2
2.5
 
 
Hydrophobic
Stage 1 Stage 2 Stage 3
  02.5
(a)
 
0
2
4
6
8
 
Time (s)
0 20 40 60 80 100
 
0
2
4
6
8
 
 ΔT
 (o
C)
Stage 1 Stage 2 Stage 3
08
(b)
 
0
2
4
6
8
 
Time (s)
0 5 10 15 20 25 30 35 40
 
0
2
4
6
8
 
 
Stage 3
ΔT
 (o
C)
Stage 1 Stage 2 Stage 3
  08
(c)
FIG. 5: Variation of interfacial temperature difference (∆T) with time on uniformly heated substrates at (a) 30 °C,
(b) 80 °C and (c) locally heated substrates. For each case, evolution on hydrophilic (black line) and hydrophobic
(red line) surfaces is plotted.
for the initial 30 percent of the total evaporation time.454
The more uniform ∆T reported on a hydrophobic sur-455
face when compared to the continuously decreasing ∆T456
on the hydrophilic surface is reasoned due to the longer457
conduction path, i.e., drop height, on the hydrophobic458
case. As the substrate temperature is relatively low, ∆T459
decreases until an almost uniform temperature profile is460
observed [39].461
At the high substrate temperature of 80 °C, ∆T vari-462
ation with time is plotted in Fig. 5b for both hydrophilic463
and hydrophobic cases. It is interesting to note the clear464
distinguishing features of the evolution of ∆T with time465
which correlate with the three stages of the drop profile466
evaporation mentioned before in Figs. 3a and 3b. In467
Stage 1, as shown in Fig. 5b, the mean value of ∆T468
around which an oscillation can be observed, slightly in-469
creases with time, as the liquid near the hot contact line470
gets heated much faster than the liquid away from the471
contact line. We note here that during Stage 1, which472
follows CCR mode on both substrates, the contact area473
over which the heat is being supplied remains essentially474
constant. In Stage 2, the mean value around which ∆T475
oscillates remains almost constant at ca. 4 °C. This sug-476
gests that the drop attains a momentary thermal equilib-477
rium between the heat supplied from the substrate and478
that released to the ambient due to evaporation and con-479
vection. Towards the end of Stage 2, a noticeable increase480
in ∆T which corresponds to the unstable movement of481
the convective cells is observed. After such increase, ∆T482
transitions into Stage 3 where a rapid decrease in con-483
tact angle causes the mixing of the liquid leading to a484
more homogeneous temperature distribution. These dif-485
ferent aspects of the evolution of ∆T are qualitatively486
similar for both hydrophilic and hydrophobic surface, al-487
though on a hydrophobic substrate the drop in ∆T is488
much more pronounced than on the hydrophilic case due489
to the greater thermal resistance path across the drop,490
i.e., drop height.491
8Next, Figure 5c shows the evolution of ∆T over time492
for drops on locally heated substrates. Differences, when493
compared to the uniform heating cases, are evident. On494
a hydrophilic substrate, in Stage 1 ∆T increases right495
after the drop deposition to a value of ca. 4 °C. There-496
after, the recirculatory flows that manifest as twin vor-497
tices lower ∆T, which is in agreement with previous work498
[31]. Here also, the mean value of ∆T increases in Stage499
1. Once the drop enters Stage 2, the mean value of ∆T500
remains constant in the beginning and increases rapidly501
until reaching a peak value of approximately 6 °C. This502
increase is more rapid compared to uniform heating at 80503
°C. In Stage 3 of evaporation, ∆T slowly decreases. On504
the other hand, on a hydrophobic surface, in Stage 1 ∆T505
increases initially to a value of ca. 4 °C and twin vortices506
emerge. Eventually, evaporation enters Stage 2 and ∆T507
increases rapidly to a peak value higher than 6 °C, upon508
which point ∆T begins to decrease. Qualitatively, dif-509
ferences when comparing local heating case (Figure 5c)510
to uniformly heated cases at 80 °C (Figure 5b) are then511
evident. The qualitative behavior is then influenced by512
the different heating mode, i.e., constant heat flux and513
constant wall temperature heating conditions. This fun-514
damental difference should greatly affect the evaporation515
kinetics, as we will show next. We should note here that516
curvature of the drops resting on the hydrophobic sur-517
faces hinders observation of the temperature distribution518
close to the droplet base in contact with the substrate. To519
verify the validity of our top-view data, we conducted a520
number of side-view experiments and found good agree-521
ment within ±1°. For coherency, we only discuss the522
top-view data and provide an exemplary side view data523
comparison in the Supplementary Material [37].524
E. Marangoni convection in evaporating pure525
water drops526
To rationally understand the origin and to charac-527
terize the convective currents observed here, relevant528
non-dimensional numbers are calculated. Previously,529
the criterion of the ratio of dimensionless Rayleigh over530
Marangoni number for a liquid disk is proposed [40]531
and applied to evaporating drops to define the origin of532
convective flows [24]. Rayleigh number Ra = gβH
4∆T
ναR ,533
Marangoni number Ma = γH
2∆T
ρναR and, Bond number534
Bo = ρgH
2
σ are calculated. Here, R and H are the char-535
acteristic radial and vertical drop length scales, respec-536
tively, σ is the surface tension, β is the thermal expansion537
coefficient, γ is the temperature coefficient of surface ten-538
sion, ρ is the density, ν is the kinematic viscosity, and α539
is the thermal diffusivity for water at different temper-540
atures. Average values of ∆T, R, and H for the whole541
period of evaporation are used in the calculation of the542
non-dimensional numbers. ∆T, Ma, Ra, Bo and ratio543
Ra/Ma are included in Table I. As the ratio of Ra/Ma544
is <<1, it can be concluded that the flows observed are545
TABLE I: Average of ∆T and relevant non-dimensional
numbers for evaporating pure water drops.
Substrate type and ∆T ( °C) Ra Ma Bo Ra/Ma
temperature (°C)
Uniform heating
Hydrophilic, 30 1.33 13 701 0.07 0.01
Hydrophobic, 30 1.19 87 2594 0.11 0.03
Hydrophilic, 80 4.16 39 2740 0.08 0.01
Hydrophobic, 80 3.04 160 6300 0.14 0.02
Local heating
Hydrophilic 4.14 56 3320 0.11 0.02
Hydrophobic 3.02 241 6736 0.22 0.03
Marangoni in origin. Additionally, Ra number is always546
less than the critical Ra number of 1000, hence Buoyant547
convection can be considered negligible [41]. When com-548
paring Marangoni numbers for low and for high uniformly549
heated cases, Ma is much smaller at 30 °C compared to550
80 °C, which is due to the lower temperature differences551
reported along the liquid-vapor interface. On another552
hand, when comparing ∆T on a hydrophobic substrate553
to that of a hydrophilic one, ∆T is lower on a hydropho-554
bic substrate independently of the heating mode, i.e., uni-555
form heating at 80 °C and local heating. This may seem556
counter-intuitive at first but considering the stronger re-557
circulatory flows and resulting larger variations in ∆T558
around the mean value, lower average values of ∆T on559
hydrophobic surfaces are indeed expected. Nonetheless,560
the value of Ma which depends also on the geometric fea-561
tures of the drop is higher on a hydrophobic surface and562
implies the stronger emergence of Marangoni convection563
on hydrophobic surfaces.564
Marangoni flow strength: To clearly delineate the565
effect of substrate wettability and type of heating on the566
presence of Marangoni convection, the Marangoni num-567
ber for each of the evaporation stages (from Stage 1 to568
Stage 3) for all cases reported earlier is presented in Fig.569
6. For a particular heating case, Ma is higher on a hy-570
drophobic surface compared to a hydrophilic one inde-571
pendently of the evaporation stage. This clearly signifies572
the stronger Marangoni convection on hydrophobic sur-573
faces. Another important aspect of Fig. 6 is that on574
uniformly heated substrates, i.e., 30 and 80 °C, Ma con-575
tinuously decreases from Stage 1 to Stage 3, with higher576
Ma values at 80 °C. On the other hand, on locally heated577
substrates, an increase in Ma from Stage 1 to Stage 2 is578
observed followed by a decrease in Stage 3. Notably, the579
Ma value during stage 3 is higher for the local heating580
case when compared to uniform heating. The more uni-581
form Ma reported during local heating throughout the582
complete evaporation is attributed to the continuous lo-583
calized heat flux supplied to the drop when compared to584
the uniform heating case.5856
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FIG. 6: Calculated Marangoni number during each
stage of evaporation for different wettability and
heating cases.
F. Evaporative flux587
To give further insights on how substrate wettability588
and the heating modes influence the evaporation kinet-589
ics, the evaporative flux at the liquid-vapor interface with590
time for all the cases is plotted in Fig. 7 . Here, the evap-591
orative flux is estimated as an average value over the en-592
tire liquid-vapor interface as J = (ρ
dV
dt
)/As where, ρ is593
liquid density,
dV
dt
is the evaporation rate, As = 2piRH is594
the liquid-vapor interface area of the drop with R and H595
as the radius and height of the drop, respectively. Such596
approximation is rather reasonable since our drops ex-597
hibit initial contact angles close to 90° at which diffusion598
along the liquid-vapor interface can be considered uni-599
form [9]. As expected, heating the substrate enhances600
the magnitude of the evaporative flux (Fig. 7a and 7b).601
For uniform heating, the evaporative flux remains almost602
constant in Stages 1 and 2 independently of the substrate603
wettability. The onset of Stage 3 coincides with a steep604
increase in the evaporative flux. This sudden increase in605
the evaporative flux may cause the momentary increase606
in liquid motion within the drop resulting in further in-607
ternal mixing and more homogeneous temperature dif-608
ferences, which is supported by the decrease in ∆T. In609
the locally heated case, the evaporative flux is evidently610
different as shown in Fig. 7c. In this case, the evapora-611
tive flux increases continuously since the beginning of the612
evaporation, opposed to the almost constant evaporative613
flux reported on uniformly heated substrates. Notably,614
the value of J at the onset of Stage 3 (indicated by ar-615
rows) is much higher than for uniform heated case. Under616
local heating, both the continuous local heat flux bring-617
ing the substrate temperature above 100 °C (see Fig. 9618
in Appendix) and the stronger natural convective plume619
in the gas phase leads to the greater evaporation rates re-620
ported [32, 33]. This is a clear difference between heating621
modes on the evaporation kinetics.622
G. Vapor diffusion model623
Vapor diffusion models of drop evaporation are revis-624
ited to study the effect of Marangoni convection on the625
evolution of volume with time. The free evaporation of626
a water drop is limited by the diffusion of vapor to the627
immediate surroundings. In the present study, the time628
scale for vapor diffusion R2/D ≈ 0.03 is much lower than629
the total evaporation time even at higher substrate tem-630
peratures. Thus, the evaporation process can be thought631
of as a quasi-steady process where the rate-limiting step632
is vapor diffusion to the ambient. Then, the evolution of633
volume with time is calculated using the vapor diffusion634
model proposed by Popov [42]. For the estimation of635
the saturated vapor concentration at the drop interface,636
the average liquid-vapor interface temperature obtained637
from IR thermography is used as opposed to the substrate638
temperature adopted in the earlier studies [43, 44].639
Popov [42] reported the exact solution of Laplace equa-640
tion governing the vapor diffusion process in toroidal co-641
ordinates. This solution considers the non-uniformity of642
evaporation flux at the liquid-vapor interface thereby can643
be applied for a whole range of initial contact angles (0°644
to 180°). The rate of mass loss of a sessile drop can be645
written as,646
dm
dt
= ρ
dV
dt
= −piRD [cs (Ts)− cs (Ta)] f (θ) , (1)
647
f (θ) =
sin θ
1 + cos θ
+ 4
∫ ∞
0
1 + cosh 2θτ
sin 2piτ
tanh [(pi − θ) τ ] dτ
(2)
Here, Ts is the average liquid-vapor interface temper-648
ature and Ta is the ambient temperature. The complex649
integral in Eq. 2 is solved using numerical integration in650
MATLAB. Using spherical cap assumption, the mass of651
a drop with contact radius R and contact angle θ can be652
written as,653
m =
piρR3
3g (θ)
; g (θ) =
sin3 θ
(1− cos θ)2(2 + cos θ) (3)
Writing R in terms of volume from Eq. 3, the expres-654
sion for evaporative mass loss in Eq. 1 can be written655
as,656
ρ
dV
dt
= −pi
(
3
pi
V g (θ)
)1/3
D [cs (Ts)− cs (Ta)] f (θ) (4)
The change in contact angle when the drop evaporates657
in CCR mode (Rc is radius in CCR mode) can be ob-658
tained from Eqs. 1 and 4 as,659
dθ
dt
=
−D (cs (Ts)− cs (Ta))
ρR2c
(1 + cos θ)2f(θ) (5)
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FIG. 7: Variation of evaporative flux J, (kg m−2 s−1), with time, t (seconds), on uniformly heated substrates at (a)
30 °C, (b) 80 °C and (c) locally heated substrates. For each case, evolution on hydrophilic (black line) and
hydrophobic (red line) surfaces is plotted. Arrows indicate the onset of Stage 3 of evaporation.
Numerically integrating Eq. 5 gives the variation of θ660
with time in CCR mode. Using Rc and θ, the volume of661
drop evaporating in CCR mode can be obtained as,662
V =
piR3c
3g (θ)
(6)
During the CCA mode, the square of contact radius663
decreases linearly and volume of the drop at any time664
during evaporation can be written by integrating Eq. 4665
as,666
V 2/3 = V
2/3
i −
2piD (cs (Ts)− cs (Ta))
3ρ
(
3
pi
)1/3
(g (θc))
1/3
f(θc)t,
(7)
where, θc is the contact angle in CCA mode.667
The experimental evolution of drop residual volume668
with time is compared with the prediction of Popov669
model using Eqs. 6 and 7. This comparison is presented670
in Fig. 8 for drops on uniformly heated substrates at671
30 °C (Fig. 8a) and at 80 °C (Fig. 8b) and on locally672
heated substrates (Fig. 8c). In all reported cases, an673
over-prediction in the total evaporation time compared674
to the experimental evaporation time is observed. This675
under-prediction on the evaporation rate by the diffu-676
sion model is reasoned due to the dominant presence of677
Marangoni convection inside the drop. Further, enhance-678
ment of evaporation rate due to natural convection in am-679
bient during evaporation has been recently reported [32–680
35]. To account for the presence of natural convection681
in the gas phase, the non-dimensional Grashof number682
which indicates the strength of buoyancy is estimated as683
Gr = g∆ρR
3
νg2ρg
. Here, g is the acceleration due to gravity,684
R is the initial drop radius, νg is kinematic viscosity and685
ρg is the density of ambient air. ∆ρ is the net density686
difference causing the flow [35]. Calculated Gr values687
for the present experimental conditions are in the range688
of 12 to 15. The value of Gr confirms the presence of689
buoyancy driven natural convection induced by the dif-690
ference in air density. Nonetheless, the relatively low Gr691
values compared to previous studies [32–35], highlight692
that buoyancy driven natural convection cannot be the693
sole reason for the observed enhancement on the evap-694
oration rate. When looking into buoyancy driven natu-695
ral convection under local heating and uniform heating,696
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FIG. 8: Volume evolution with time for drops on uniformly heated substrates at (a) 30 °C, (b) 80 °C and (c) locally
heated substrates. The lines represent the volume obtained from diffusion model by Popov [42] using Eqs. 6, 7 and
symbols represent experimental values.
small differences on the Gr numbers are reported, i.e. Gr697
number for local heating is 125% greater than that of698
uniform heating. Whereas when looking into Marangoni699
convection, Ma numbers at the later stage of evapora-700
tion are found to be up to 300% greater for the local701
heating case when compared to the uniform case. There-702
fore, both Marangoni convection and buoyancy driven703
natural convection are put forward as the main mech-704
anisms for the increased evaporation rates reported in705
the present experiments. If we consider t as the total706
time taken for evaporation, the absolute relative devia-707
tion in the total evaporation time when comparing the708
diffusion model and experiments can be estimated as709
texperiment−tdiffusion
texperiment
. For the cases of uniformly heated710
substrates at 30 °C, there is a 50% over prediction of the711
evaporation time. Whereas at 80 °C, where significant712
Marangoni convection is present, the absolute relative713
deviation is almost 100% (see Figs. 8a and 8b). On sim-714
ilar lines, as shown in Fig. 8c, a great over-prediction of715
the total evaporation time is observed for locally heated716
substrates. The dominant presence of Marangoni convec-717
tion reported here eases the evaporation process increas-718
ing the evaporation rate [45, 46]. Previous studies calcu-719
lated the vapor concentration at liquid-vapor interfaces720
at the substrate temperature [43, 44]. However, evapo-721
rative cooling and Marangoni recirculation should lower722
the liquid-vapor interface temperature to a value lower723
than that of the substrate. We must note here that in724
the present study calculating the vapor concentration at725
the substrate temperature rather than using that at the726
liquid-vapor interface for drops on uniformly heated sub-727
strates could not explain the total evaporation rate en-728
hancement reported. This highlights that the diffusion729
driven model merits improvement in the future to ac-730
count for the nonuniform temperature distribution at the731
liquid-vapor interface arising from the Marangoni convec-732
tion within the liquid and the buoyancy driven natural733
convection in the gas phase. At this stage it is difficult to734
decouple the effect of Marangoni convection within the735
drop and buoyancy driven natural convection in the gas736
phase on the heat and mass transfer of drops on both uni-737
form and locally heated substrates. Hence, future work738
will sought the design of the appropriate experimental739
conditions that can decouple such phenomena.740
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IV. CONCLUSION741
We report a systematic study on two parameters af-742
fecting the emergence of Marangoni convection patterns743
within pure water drops and how these patterns influence744
the evaporation kinetics of the drops. In particular, we745
successfully induced Marangoni flows under two different746
heating regimes, i.e. constant wall temperature and747
constant heat flux, and found the constant heat flux748
or locally heated case to have a detrimental effect on749
both the observed Marangoni flows and the shortening750
of the evaporation rates. In addition, we determined751
that hydrophobicity plays a major role in the emergence752
of the Marangoni flows and the coupled evaporation753
kinetics. More importantly, heating the substrates led754
to much higher evaporation rates than those expected755
by established diffusion models. We attributed this en-756
hancement to a combination of Marangoni flows within757
the liquid and natural convection of the vapor phase758
to the ambient. We believe our findings to elucidate759
the physical mechanism of drop evaporation on heated760
surfaces, beneficial to numerous applications from spray761
cooling to colloidal deposition in bio medical diagnosis762
systems or ink-jet printing.763
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Appendix: Numerical simulation of local heating775
case776
Numerical simulations are performed in COMSOL777
5.2 considering only the substrate with localized heat778
source. The dimensions of silicon substrate and779
(10mm×10mm×0.5mm), glass slides below the substrate780
(50mm×40mm×1mm) are those measured from the ex-781
periments. The numerical domain is shown in Fig. 9a.782
Initially, the temperature is 17 °C (ambient experimental783
conditions) throughout the numerical domain. The bot-784
tom surface of the glass slide supporting the silicon sub-785
strate is considered considered as an insulated boundary786
condition. Heat flux with convective heat transfer coef-787
ficient of 8 W/m2K is considered for all the boundaries788
except the bottom surface of glass supports. The laser789
heat input is considered as a point source with 1.8 W790
and a heat source radius of 0.15 mm. Transient heat791
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FIG. 9: Numerical simulation performed for locally
heated substrates without drop. (a) geometry,
temperature profile on substrate from numerical
simulation and experiment at (b) 5, (c)10 s. Scale bar
indicates 1 mm. (d) comparison of temperature at
center of heating spot from experiment and simulation
transfer is studied and temperature distribution on the792
wafer is studied up to a period of 40 s. The temperature793
profile at 5 s and 10 s are shown in Figs. 9b and 9c, re-794
spectively. The temperature profile clearly shows a non-795
uniform temperature distribution across the substrate, in796
agreement with the experimental hot-spot. Further, the797
temperature rise (solid line) of the hot-spot is shown in798
Fig. 9d for a period of 40 s, which appears to correlate799
well with the experimental data (circles).800
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